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PULSE MODIFIER, LITHOGRAPHIC 
APPARATUS, AND DEVICE 
MANUFACTURING METHOD 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to US. application Ser. 
No. 60/629,310, ?led Nov. 19, 2004, the entire contents of 
Which are incorporated by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a pulse modi?er, a litho 

graphic apparatus and a method for manufacturing a device 
2. Description of the Related Art 
A lithographic apparatus is a machine that applies a desired 

pattern onto a substrate, usually onto a target portion of the 
substrate. A lithographic apparatus can be used, for example, 
in the manufacture of integrated circuits (ICs). In that 
instance, a patterning device, Which is alternatively referred 
to as a mask or a reticle, may be used to generate a circuit 
pattern to be formed on an individual layer of the IC. This 
pattern can be transferred onto a target portion (eg including 
part of, one, or several dies) on a substrate (eg a silicon 
Wafer). Transfer of the pattern is typically via imaging onto a 
layer of radiation-sensitive material (resist) provided on the 
substrate. In general, a single substrate Will contain a netWork 
of adjacent target portions that are successively patterned. 
Known lithographic apparatus include steppers, in Which 
each target portion is irradiated by exposing an entire pattern 
onto the target portion at one time, and scanners, in Which 
each target portion is irradiated by scanning the pattern 
through a radiation beam in a given direction (the “scanning” 
direction) While synchronously scanning the substrate paral 
lel or anti-parallel to this direction. It is also possible to 
transfer the pattern from the patterning device to the substrate 
by imprinting the pattern onto the substrate. 

Lithographic apparatus include large expensive lens ele 
ments that are di?icult to fabricate. Typically, an excimer 
laser is used to supply the lithographic apparatus With radia 
tion in the form of pulses. The expensive lens elements are 
subject to degradation resulting from billions of these high 
intensity ultraviolet pulses. Optical damage is knoWn to 
increase With increasing intensity (i.e., light poWer (energy/ 
time) per cm2 or mJ/ns/cm2) of the pulses from the laser. The 
typical pulse length from these lasers is about 20 ns, so a 5 m] 
laser pulse Would have a pulse poWer intensity of about 0.25 
mJ/ns (0.25 MW). Increasing the pulse energy to 10 m] 
Without changing the pulse duration Would result a doubling 
of the poWer of the pulses to about 0.5 mJ/ns that could 
signi?cantly shorten the usable lifetime of the lens elements. 
A pulse stretching con?guration has been proposed in US. 

Patent Application Publication 2004/013 6417 A1 for use With 
a lithographic apparatus. In this application, the problem of 
optical damage is avoided by increasing substantially the 
pulse length from about 20 ns to more than 50 ns providing a 
reduction in the rate of optics degradation. 

The pulse stretching unit from US Patent Application Pub 
lication 2004/0136417 A1 is shoWn in FIGS. 3 and 16: A 
60R/40T beam splitter 10 re?ects about 60 percent of the 
incoming radiation beam 100 into a delay path 40 formed by 
four focusing mirrors 20A, 20B, 20C and 20D. The 40 per 
cent transmitted portion of each pulse of beam 100 becomes 
a ?rst sub-pulse of a corresponding stretched pulse in the 
outgoing beam 110. The re?ected beam is directed by beam 
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2 
splitter 10 to mirror 20A Which focuses the re?ected portion 
to point 30. The beam then expands and is re?ected from 
mirror 20B Which converts the expanding beam into a parallel 
beam and directs it to mirror 20C Which again focuses the 
beam again at point 30. This beam is then re?ected by mirror 
20D Which like the 20B mirror changes the expanding beam 
to a light parallel beam and directs it back to beam splitter 10 
Where 60 percent of the ?rst re?ected light is re?ected per 
fectly in line With the ?rst transmitted portion of this pulse in 
outgoing beam 110 to become a second sub-pulse. 40 percent 
of the ?rst re?ected beam is transmitted by beam splitter 10 
and folloWs exactly the path of the ?rst re?ected beam pro 
ducing additional smaller sub-pulses in the outgoing radia 
tion beam 110. By con?guring the re?ection coe?icients and 
the path lengths, the resulting outgoing pulse is stretched 
from about 20 ns to about 50 ns. 

In practice, the knoWn pulse stretching unit, hoWever, has 
the disadvantage that the lithographic apparatus needs con 
siderable re-calibration after inserting the pulse modi?er, 
Which makes upgrading an apparatus in the ?eld time-con 
suming. Additionally, the reliability Will be loW because of 
the need for calibration at regular intervals. 

SUMMARY OF THE INVENTION 

It is desirable to provide a pulse modi?er that reduces the 
changes to the characteristics of the incoming radiation beam. 

According to an aspect of the invention, there is provided a 
pulse modi?er con?gured to receive an input pulse of radia 
tion along a ?rst optical axis and further con?gured to emit 
one or more corresponding output pulses of radiation along a 
second optical axis. The pulse modi?er includes a divider 
disposed along the ?rst optical axis and con?gured to divide 
the incoming pulse into a ?rst and a second pulse portion, 
Wherein the divider is further con?gured to direct the ?rst 
pulse portion along the second optical axis; and a ?rst mirror 
and a second mirror, each With a radius of curvature, disposed 
facing each other With a predetermined separation, con?g 
ured to receive the second pulse portion and to redirect the 
second portion along the second optical axis, Wherein the 
optical path of the second portion through the pulse modi?er 
is longer than that of the ?rst portion, and the separation is less 
than the radius of curvature. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the present invention Will noW be 
described, by Way of example only, With reference to the 
accompanying schematic draWings in Which corresponding 
reference symbols indicate corresponding parts, and in 
Which: 

FIG. 1 depicts a lithographic apparatus according to an 
embodiment of the invention; 

FIGS. 2a and 2b depict con?gurations for a source and a 
lithographic apparatus according to the invention; 

FIGS. 3 and 16 shoW a pulse modi?er con?guration dis 
posed in the illumination system of a lithographic apparatus 
according to the prior art; 

FIGS. 4a to 40 depicts a pulse modi?er according to an 
embodiment of the invention; 

FIGS. 5a and 5b depict a pulse modi?er unit including tWo 
cascaded pulse modi?ers according to an embodiment of the 
invention; 

FIG. 6 depicts a pulse modi?er unit including three cas 
caded pulse modi?ers according to an embodiment of the 
invention; 
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FIG. 7 depicts locations for a pulse modi?er according to 
the invention in the illumination system of a lithographic 
apparatus; 

FIGS. 8a to 8f depict a pulse modi?er according to an 
embodiment of the invention; 

FIGS. 9a and 9b depict a pulse modi?er according to an 
embodiment of the invention; 

FIGS. 10a to 100 depict a pulse modi?er according to an 
embodiment of the invention; 

FIG. 11 depicts the use of a second beam splitter as a 
recombiner in a pulse modi?er in Which beam division is 
based upon polariZation; 

FIG. 12 depicts geometrical beam division according to an 
embodiment of the invention; 

FIG. 13 depicts the effect on beam divergence due to 
changes in the mirror separation distance for tWo different 
beam delivery lengths; 

FIGS. 14a and 14b depict the possible effect of beam 
divergence on the illumination pupil of a lithographic proj ec 
tion apparatus; 

FIGS. 15a and 15b depict different splitter orientations 
according to an embodiment of the invention, and 

FIG. 16 depicts a pulse modi?er. 

DETAILED DESCRIPTION 

FIG. 1 schematically depicts a lithographic apparatus 
according to an embodiment of the invention. The apparatus 
includes an illuminator IL is con?gured to condition a radia 
tion beam B (e. g. UV radiation or DUV radiation), and further 
con?gured to receive radiation from a source SO via a beam 
delivery system BD. At some point betWeen the source SO 
and the illuminator IL, the radiation passes through a pulse 
stretching unit 50 Which conditions the radiation for use in the 
lithographic apparatus. A support (eg a mask table) MT is 
constructed to support a patterning device (eg a mask) MA 
and is connected to a ?rst positioner PM con?gured to accu 
rately position the patterning device in accordance With cer 
tain parameters. A substrate table (eg a Wafer table) WT is 
constructed to hold a substrate (eg a resist-coated Wafer) W 
and connected to a second positioner PW con?gured to accu 
rately position the substrate in accordance With certain 
parameters. A projection system (eg a refractive projection 
lens system) PS is con?gured to project a pattern imparted to 
the radiation beam B by patterning device MA onto a target 
portion C (eg including part of, one, or more dies) of the 
substrate W. 
The division of the radiation path before the patterning 

device into a source SO, beam delivery BD and illuminator IL 
is someWhat arbitrary, it can be related to technical features or 
it can be related to the fact that parts and units are supplied by 
different manufacturers. For example, the source SO and 
lithographic apparatus may be supplied by different manu 
facturers (as is currently the practice the case for laser 
sources) or the source SO may be integrated Within the litho 
graphic apparatus (as is currently the practice for UV systems 
With a mercury lamp). For convenience, the term “illumina 
tion system” Will be used to describe the collection of parts 
and units disposed in the optical path before the patterning 
device In the example of FIG. 1, the illumination system 
Would thus include the source SO, the beam delivery BD and 
the illuminator IL. 

The illumination system may include various types of opti 
cal components, such as refractive, re?ective, magnetic, elec 
tromagnetic, electrostatic or other types of optical compo 
nents, or any combination thereof, to direct, shape, or control 
radiation. 
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4 
In a lithographic apparatus, the illumination system may 

have the capability to generate an illumination pupil Which is 
matched to the structures on the patterning device (eg lines 
or contact holes) Which need to be projected. The illuminator 
IL may include an adjusterAD con?gured to adj us the angular 
intensity distribution of the radiation beam. Generally, at least 
the outer and/ or inner radial extent (commonly referred to as 
o-outer and o-inner, respectively) of the intensity distribution 
in a pupil plane of the illuminator can be adjusted. In addition, 
the illuminator IL may include various other components, 
such as an integrator IN and a condenser CO. The illuminator 
may be used to condition the radiation beam, to have a desired 
uniformity and intensity distribution in its cross-section. 

The cross-section of a possible illumination pupil is shoWn 
in FIG. 1411. Four equal poles 103 of radiation are created and 
disposed symmetrically about the optical axis of the system. 
The center of the pupil contains no radiation, and the poles 
103 are arranged in a cross. The illumination pupil is formed 
in a conventional Way by optical and diffractive optical ele 
ments (DOE’s) disposed in the radiationbeam.Also shoWn in 
FIG. 14a is a rectangular cross-section of a radiation beam, 
With a predetermined siZe in X and Y. The symmetry of the 
cross-section of the radiation beam creates four poles 103, 
each With substantially the same pole Widths (PW). Although 
shoWn here as symmetrical, the beam cross-section may also 
be asymmetrical, such as is the case When using a laser for a 
source SO. This is typically not a problem because the illu 
mination system may be designed to Work With an asymmetri 
cal radiation beam, and to create the desired illumination 
pupil When the beam has the expected pro?le. 
The support supports, e. g. bears the Weight of, the pattem 

ing device. It holds the patterning device in a manner that 
depends on the orientation of the patterning device, the design 
of the lithographic apparatus, and other conditions, such as 
for example Whether or not the patterning device is held in a 
vacuum environment. The support can use mechanical, 
vacuum, electrostatic or other clamping techniques to hold 
the patterning device. The support may be a frame or a table, 
for example, Which may be ?xed or movable as required. The 
support may ensure that the patterning device is at a desired 
position, for example With respect to the projection system. 
Any use of the terms “reticle” or “mask” herein may be 
considered synonymous With the more general term “pattem 
ing device.” 
The term “patteming device” used herein should be 

broadly interpreted as referring to any device that can be used 
to impart a radiation beam With a pattern in its cross-section 
such as to create a pattern in a target portion of the substrate. 
It should be noted that the pattern imparted to the radiation 
beam may not exactly correspond to the desired pattern in the 
target portion of the substrate, for example if the pattern 
includes phase-shifting features or so called assist features. 
Generally, the pattern imparted to the radiation beam Will 
correspond to a particular functional layer in a device being 
created in the target portion, such as an integrated circuit. 

The patterning device may be transmissive or re?ective. 
Examples of patterning devices include masks, program 
mable mirror arrays, and programmable LCD panels. Masks 
are Well knoWn in lithography, and include mask types such as 
binary, altemating phase-shift, and attenuated phase-shift, as 
Well as various hybrid mask types. An example of a program 
mable mirror array employs a matrix arrangement of small 
mirrors, each of Which can be individually tilted so as to 
re?ect an incoming radiation beam in different directions. 
The tilted mirrors impart a pattern in a radiation beam Which 
is re?ected by the mirror matrix. 
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The term “projection system” used herein should be 
broadly interpreted as encompassing any type of projection 
system, including refractive, re?ective, catadioptric, mag 
netic, electromagnetic and electrostatic optical systems, or 
any combination thereof, as appropriate for the exposure 
radiation being used, or for other factors such as the use of an 
immersion liquid or the use of a vacuum. Any use of the term 
“projection lens” herein may be considered as synonymous 
With the more general term “projection system”. 
As here depicted, the apparatus is of a transmissive type 

(e. g. employing a transmissive mask). Alternatively, the appa 
ratus may be of a re?ective type (e. g. employing a program 
mable mirror array of a type as referred to above, or employ 
ing a re?ective mask). 

The lithographic apparatus may be of a type having tWo 
(dual stage) or more substrate tables (and/or tWo or more 
mask tables). In such “multiple stage” machines the addi 
tional tables may be used in parallel, or preparatory steps may 
be carried out on one or more tables While one or more other 

tables are being used for exposure. 
The lithographic apparatus may also be of a type Wherein at 

least a portion of the substrate may be covered by a liquid 
having a relatively high refractive index, eg Water, so as to 
?ll a space betWeen the projection system and the substrate. 
An immersion liquid may also be applied to other spaces in 
the lithographic apparatus, for example, betWeen the mask 
and the projection system. Immersion techniques are Well 
knoWn in the art for increasing the numerical aperture of 
projection systems. The term “immersion” as used herein 
does not mean that a structure, such as a substrate, must be 
submerged in liquid, but rather only means that liquid is 
located, for example, betWeen the projection system and the 
substrate during exposure. 

Referring to FIG. 1, the illuminator IL receives radiation 
from a radiation source SO. As already mentioned, the source 
and the lithographic apparatus may be separate entities, for 
example When the source is an excimer laser. In such cases, 
the source is not considered to form part of the lithographic 
apparatus and the radiation is passed from the source S0 to 
the illuminator IL With the aid of a beam delivery system BD 
including, for example, suitable directing mirrors and/or a 
beam expander. As shoWn in FIG. 2a, this offers the ?exibility 
of placing the source SO and the lithographic apparatus 60 in 
separate rooms, typically the lithographic apparatus is placed 
inside a clean-room Wherein considerable effort is spent 
keeping the ambient number of particles loW, and the source 
S0 is placed in a service area Where cleanliness is maintained 
to a much loWer degree. As shoWn in FIG. 2b, it is even 
possible to use a loWer ?oor as a service area, and to place the 
source SO there. 

The illumination system includes a pulse modi?er 50, 
Which may be placed close to the source SO as shoWn in FIG. 
3. The pulse modi?er is shoWn in FIG. 10a and a schematic 
representation of the input and resulting output pulses are 
shoWn in FIGS. 10b and 100, respectively. 

Four planar mirrors 20A, 20B, 20C, 20D are disposed such 
that lines connecting the center of each mirror face form a 
rectangle. Each mirror is oriented such that its longitudinal 
axis makes an angle of approximately 45 degrees With the 
sides of the rectangle. A beam splitter 10 is disposed With the 
center of the splitter on one of the sides of the rectangle, and 
the longitudinal axis of the splitter makes an angle of 45 
degrees With the sides of the rectangle. The beam splitter 10 is 
further disposed such that the center of the splitter lies on an 
optical axis, and the longitudinal axis of the splitter also 
makes an angle of 45 degrees With the optical axis. 
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During operation, the pulse modi?er receives an incoming 

pulse 100, and divides it into one or more output pulses 110A, 
110B, 110C With peak intensities Which are loWer than the 
peak intensity of the incoming pulse 100. The incoming pulse 
of radiation 100 enters the pulse modi?er along the optical 
axis. The beam splitter 10 divides the pulse into a ?rst portion, 
re?ected by the beam splitter and a second portion, transmit 
ted by the beam splitter. The ?rst portion is re?ected by each 
mirror 20A, 20B, 20C, 20D along the sides of the rectangle, 
and back to the splitter. The second portion leaves the pulse 
modi?er 50 along the optical axis as an output pulse 110A. 
The ?rst portion is divided by the splitter 10 into a third 
portion, re?ected by the splitter 10 and a fourth portion, 
transmitted by the splitter 10. The third portion leaves the 
pulse modi?er 50 along the optical axis as an output pulse 
110B, but at a later instance than the second portion 110A due 
to the extra distance traveled around the delay path 40. The 
fourth portion travels along the same delay path 40 along the 
sides of the rectangle, and back to the splitter Where it is again 
divided. This cycle repeats until the pulse energy is dissi 
pated. 

If, for example, a 60R/40T (60% re?ection/40% transmis 
sion) beam splitter 10 is used, and assuming negligible losses 
at the splitter 10 and mirrors 20, the ?rst portion represents 60 
percent of the incoming radiation pulse 100. The second 
portion exits the pulse modi?er 50 as the ?rst output pulse 
110A With about 40 percent of the peak intensity of the input 
pulse 100. The third portion leaves the pulse modi?er 50 as 
the second output pulse 110B With about 36 percent of the 
peak intensity of the input pulse 100. The fourth portion, 
Which represents about 24 percent of the incoming radiation 
pulse 100 leaves the pulse modi?er 50 as several smaller 
output pulses Which include 110C shoWn in FIG. 100. 

The time separation betWeen the output pulses 110A, 
110B, 110C is in?uenced by the length of the delay path 40 
i.e. the distance the pulse travels betWeen the ?rst surface 10A 
and the second surface 10B of the splitter 10. This distance 
can be chosen to create overlapping, adjacent or separated 
output pulses. The relative intensity of the output pulses With 
respect to the input pulse and With respect to each other is 
in?uenced by the re?ection/transmission ratio of the beam 
splitter. In practice, mirror and splitter losses Will also in?u 
ence the relative intensities, but to a lesser extent. The output 
pulses 110 are not separated spatially, the pulse modi?er 50 is 
designed such that the output pulses are emitted along the 
optical axis. 
The elements of the pulse modi?er thus include a splitter 1 0 

and a delay path 40. In many cases, a recombiner is also 
required to direct the delayed portions to the output 110. As 
shoWn in FIG. 10a, the beam splitter 10 provides both a 
splitting surface 10A or 10B, and a recombining surface 10B. 

In practice, the input pulse shape is more complex than a 
simple step function, and the train of output pulses makes it 
di?icult to calculate the effective pulse duration. It is simpler 
to calculate the “time integral square” (TIS) pulse length 
using the folloWing formula: 

2 (mmnz 
'S = 

The TIS factor can be calculated for the pulse modi?er to 
indicate the degree of stretching: 

TIS FactOrITISOut/TISin. 
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The radiation beam B is incident on the patterning device 
(e.g., mask MA), Which is held on the support (e.g., mask 
table MT), and is patterned by the patterning device. Having 
traversed the mask MA, the radiation beam B passes through 
the projection system PS, Which focuses the beam onto a 
target portion C of the substrate W. With the aid of the second 
positioner PW and position sensor IF (eg an interferometric 
device, linear encoder or capacitive sensor), the substrate 
table WT can be moved accurately, e.g. so as to position 
different target portions C in the path of the radiation beam B. 
Similarly, the ?rst positioner PM and another position sensor 
(Which is not explicitly depicted in FIG. 1) can be used to 
accurately position the mask MA With respect to the path of 
the radiation beam B, eg after mechanical retrieval from a 
mask library, or during a scan. In general, movement of the 
mask table MT may be realiZed With the aid of a long-stroke 
module (coarse positioning) and a short-stroke module (?ne 
positioning), Which form part of the ?rst positioner PM. Simi 
larly, movement of the substrate table WT may be realiZed 
using a long-stroke module and a short-stroke module, Which 
form part of the second positioner PW. In the case of a stepper 
(as opposed to a scanner) the mask table MT may be con 
nected to a short-stroke actuator only, or may be ?xed. Mask 
MA and substrate W may be aligned using mask alignment 
marks M1, M2 and substrate alignment marks P1, P2. 
Although the substrate alignment marks as illustrated occupy 
dedicated target portions, they may be located in spaces 
betWeen target portions (these are knoWn as scribe-lane align 
ment marks). Similarly, in situations in Which more than one 
die is provided on the mask MA, the mask alignment marks 
may be located betWeen the dies. 

The depicted apparatus could be used in at least one of the 
folloWing modes: 
1 . In step mode, the mask table MT and the substrate table WT 

are kept essentially stationary, While an entire pattern 
imparted to the radiation beam is projected onto a target 
portion C at one time (i.e. a single static exposure). The 
substrate table WT is then shifted in the X and/orY direc 
tion so that a different target portion C can be exposed. In 
step mode, the maximum siZe of the exposure ?eld limits 
the siZe of the target portion C imaged in a single static 
exposure. 

2. In scan mode, the mask table MT and the substrate table 
WT are scanned synchronously While a pattern imparted to 
the radiation beam is projected onto a target portion C (i.e. 
a single dynamic exposure). The velocity and direction of 
the substrate table WT relative to the mask table MT may 
be determined by the (de-)magni?cation and image rever 
sal characteristics of the projection system PS. In scan 
mode, the maximum siZe of the exposure ?eld limits the 
Width (in the non-scanning direction) of the target portion 
in a single dynamic exposure, Whereas the length of the 
scanning motion determines the height (in the scanning 
direction) of the target portion. 

3. In another mode, the mask table MT is kept essentially 
stationary holding a programmable patterning device, and 
the substrate table WT is moved or scanned While a pattern 
imparted to the radiation beam is projected onto a target 
portion C. In this mode, generally a pulsed radiation source 
is employed and the programmable patterning device is 
updated as required after each movement of the substrate 
table WT or in betWeen successive radiation pulses during 
a scan. This mode of operation can be readily applied to 
maskless lithography that utiliZes programmable pattem 
ing device, such as a programmable mirror array of a type 
as referred to above. 
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8 
Combinations and/or variations on the above described 

modes of use or entirely different modes of use may also be 
employed. 
A second embodiment of the pulse modi?er is shoWn in 

FIG. 4a. TWo concave mirrors 25A and 25B are disposed such 
that their re?ective surfaces are facing each other. The mirrors 
are separated by a predetermined distance (separation), 
Which is approximately equal to the radius of curvature of 
each mirror 25. Each mirror 25 is disposed symmetrically 
about a mirror axis, and the longitudinal axis of each mirror is 
arranged to be perpendicular to the mirror axis. A second axis, 
parallel to the mirror axis, contacts the surface of each mirror 
25 at a predetermined distance from the mirror axis. 
A beam splitter 10 is disposed along the second axis such 

that the longitudinal axis of the splitter 10 makes an angle of 
45 degrees With the second axis. The beam splitter 10 is also 
disposed With its center on an optical axis, and the optical axis 
lies perpendicular to the second axis. 
The pulse modi?er operates in similar Way to that of the 

?rst embodiment. During operation, an input pulse 110 enters 
the pulse along the optical axis. 
An optical delay path 40 is formed by tWo mirrors 25A and 

25B. Each is, for example, a 100 mm diameter spherical 
mirror With a large radius of curvature of approximately 1800 
mm, separated by an optical cavity length of approximately 
1800 mm. The beam splitter 10 makes a 45 degree angle With 
the incoming beam 100 and is disposed such that a portion of 
the incoming radiation 100 is re?ected into the delay path 40, 
and such that radiation exiting the delay path 40 is re?ected 
out of the pulse modi?er into an output radiation beam 11 0. If, 
for example a 60R/40T beam splitter 10 is used, the beam 
splitter 10 re?ects about 60 percent of the incoming radiation 
beam 100 into the delay path 40. The 40 percent transmitted 
portion of each pulse of beam 100 becomes a ?rst sub-pulse of 
a corresponding stretched pulse in the outgoing beam 110. 
The re?ected beam is directed by beam splitter 10 to mirror 
25A Which directs the re?ected portion to mirror 20B, Which 
in turn directs it back to beam splitter 10 Where 60 percent of 
the ?rst re?ected light is re?ected perfectly in line With the 
?rst transmitted portion of this pulse in outgoing beam 110 to 
become a second sub-pulse. 40 percent of the ?rst re?ected 
beam is transmitted by beam splitter 10 and folloWs exactly 
the path of the ?rst re?ected beam producing additional 
smaller sub-pulses in the outgoing radiation beam 110. 
By con?guring the beam splitter transmission/re?ection 

coe?icient and the varying the path lengths, the resulting 
outgoing pulse may be stretched by different degrees. For 
example, With a delay path 40 of 7.2 m and a 50R/50T beam 
splitter 10, an incoming pulse 100 of TIS 70 ns may be 
stretched into a pulse in the outgoing beam 110 With a TIS of 
1 10 ns. 

It is desirable to make a pulse modi?er that reduces the 
changes to the characteristics of the incoming radiation beam. 
These characteristics include: energy per pulse, beam siZe, 
divergence and polarization. The energy per pulse is main 
tained to a high degree (>80%) by utiliZing mirrors With a 
high degree of re?ectivity (>98%) andbeam splitters With loW 
loss (<2%). Polarization is maintained by using a stress-free 
mounting of CaF2 beam splitters With almost no intrinsic 
birefringence. The beam siZe is conserved by the unity mag 
ni?cation of the cavity delay loop 40 and by keeping the 
divergence loW. 

There are at least three contributions to the divergence: the 
divergence of the radiation from the source SO (e. g. the laser), 
the diffractive optical element DOE Which is illuminated by 
the radiation from the source SO and the optical elements in 
the illuminator Which are controlled to produce an illumina 
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tion pupil With a predetermined shape and size. The diver 
gence of the laser is convoluted With the pupil from the 
DOE-element and thus can distort the illumination pupil. 
Divergence differences in the orientations transverse to the 
optical axis are usually called X andY. They are disadvanta 
geous because they may break the symmetry of the illumina 
tion pupil as shoWn in FIG. 14b. FIG. 14b depicts an illumi 
nation pupil that has been alloWed to diverge in X more than 
Y. Not only is the pole Width (PW) of the top and bottom pole 
increased, but the shape of the left and right poles has been 
distorted. As mentioned previously, the illumination pupil is 
usually chosen to match the features on the patterning device. 
Large deviations may mean a decrease in the quality of the 
imaging on the substrate. 
As shoWn in FIG. 4b, the 60 percent re?ected portion 

travels the cavity length four times in a diabolo-shaped curve 
before it hits the beam splitter 10 again. In the paraxial 
approximation this optical cavity is stable: a ray Which travels 
the diabolo-shaped delay loop 40 is returned to the same 
position on the beam splitter 10 With the same angle. In 
practice, this paraxial approximation may not hold and, con 
sequently, the ray Will not return With the same angle. This 
change in angle may cause a change in the divergence of the 
beam, and may lead to deterioration in the quality of the 
imaging on the substrate as previously explained. 

The angles, and thus the divergence, can be conserved if the 
cavity length D is slightly detuned from the paraxial reso 
nance condition i.e. DIF. FIG. 13 shoWs the relationship 
betWeen divergence (DV) and the transverse cross-sections X 
andY as the distance betWeen the mirrors (D) is varied. The 
minimum amount of divergence DV occurs at 102 When the 
distance D is less than the resonant condition 101ithe 
amount of divergence DV being approximately zero. For this 
example, the mirrors 25A and 25B have a radius of curvature 
F of 1811.4 mm. The expected optimum distance 101 
betWeen the mirrors is expected to be 1811.4 mm, but the 
graph of FIG. 13 shoWs the optimum distance betWeen the 
mirrors 102 to be 1810.7 mm. This is a difference of—0.7 mm. 

This minimization of divergence makes the pulse modi?er 
optically ‘transparent’: adding a pulse modi?er betWeen an 
existing source and lithographic apparatus does not require 
any re-alignment of laser nor equipment. 
Known con?gurations With many mirrors, such as that 

shoWn in FIG. 16, require manipulators to align the pulse 
modi?er, and in many cases active manipulation is required 
during operation to maintain the alignment. This leads to an 
increase in complexity With a consequent decrease in reliabil 
ity. An additional advantage of the pulse stretching unit of 
FIG. 4a to 40 is that only tWo mirrors are used 25A, 25B 
compared to four mirrors 20A, 20B, 20C, 20D of the knoWn 
pulse modi?er, described in relation to FIG. 16. 

This means that the alignment of the radiation beam 
through the invention is much simpler and remains more 
stable during its lifetime. This is useful When the distance 
betWeen the source SO and the lithographic apparatus is quite 
large, such as When the source S0 is placed in a separate room 
or on a different ?oor. Small shifts or divergence close to the 
source SO result in an ampli?ed error When the radiation 
beam enters the lithographic apparatus. 

It may be advantageous to include active “steering” mirrors 
in the optical path to further minimize any remaining beam 
disturbances. These may be placed at any convenient position 
Within the pulse modi?er, or at any convenient point in the 
beam delivery BD betWeen the source and the lithographic 
apparatus. 

The radiation used may have a Wavelength that is strongly 
absorbed by oxygenithis is especially true at the shorter 
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DUV Wavelengths of 193 nm en 157 nm. It may therefore be 
advantageous to enclose the radiation beam path With a gas 
such as nitrogen that provides much loWer beam attenuation 
than air. Purging systems for enclosures, such as the beam 
delivery BD or the pulse stretching unit 50 may include a 
source of gas, a supply valve in the connection to the enclo 
sure and control means to ensure, for example, a constant ?oW 
of gas into the enclosure. The enclosure may also include a 
pressure detector in the enclosure and further control means 
to maintain a constant pressure Within the enclosure. 

It may be advantageous to provide actuators for the beam 
splitter 10 such that it can be moved in and out of the incoming 
radiation beam 100. This makes it possible to sWitch the pulse 
modi?er in and out on demand. 

Although FIG. 4a shoWs a delay path Wherein the radiation 
travels four times betWeen the mirrors, the invention can 
easily be modi?ed so that radiation transits more than four 
times betWeen the mirrors, thus increasing the delay path 40 
Without greatly changing the dimensions of the pulse stretch 
ing unit. 
The beam splitter 10 may use one of the folloWing tech 

niques to split or divide the incoming radiation beam 100: 
based upon energy, using eg a 60R/40T beam splitter cube as 
just described; or based upon a property of the incoming 
radiation, such as polarization Which is depicted in FIG. 11. In 
this pulse modi?er, the incoming radiation beam 100 is split 
into tWo portions based uponpolarization. One polarization is 
alloWed to pass through the pulse modi?er undelayed, but the 
other polarization is delayed by de?ecting it through the delay 
path 40, before ?nally recombining it With the ?rst polariza 
tion, to create an outgoing radiation beam 110 including both 
polarizations. Other techniques may be based upon a position 
(geometrically), such as that depicted in FIG. 12. Here a 
portion of the beam is redirected into a delay path 40 by 
inserting a suitable re?ector 28 into a portion of the incoming 
radiation beam 100. The outgoing radiation beam 110 
includes a delayed portion and an undelayed portion. This 
con?guration does not require a recombination surface. 

Another embodiment is depicted in FIGS. 5a to 5b. A ?rst 
beam splitter 10A is disposed in the path of an incoming 
pulsed radiation beam 100. A ?rst optical delay path 40A is 
formed by tWo almost-planar mirrors 25A, 25B. The ?rst 
beam splitter 10A is disposed such that a portion of the 
incoming radiation 100 is re?ected into the ?rst delay path 
40A, such that a portion of the incoming radiation beam 100 
is transmitted toWards a second beam splitter 10B, and such 
that radiation exiting the ?rst delay path 40A is re?ected 
toWards the second beam splitter 10B. 
A second optical delay path 40B is formed by the same tWo 

mirrors 25A, 25B. The second beam splitter 10B is disposed 
such that a portion of the radiation from the ?rst beam splitter 
10A is re?ected into the second delay path 40B, such that a 
portion of the radiation from the ?rst beam splitter 10A is 
transmitted out of the pulse modi?er into the outgoing radia 
tion beam 110, and such that radiation exiting the second 
delay path 40B is also re?ected into the output radiation beam 
110. 

It is thus possible to form tWo or more delay paths 40A, 
40B using the same mirrors and an additional beam splitter 
10A, 10B. Adding delay paths 40A, 40B increases the overall 
stretching of the input radiation pulses 100 Without signi? 
cantly affecting the size of the pulse stretching unit. For 
example, With tWo delay paths 40A, 40B of 7.2 m and tWo 
50R/50T beam splitters, an incoming pulse 100 of T18 70 ns 
may be stretched into a pulse in the outgoing beam 110 With 
a T18 of 150 ns. Similarly, the addition of a third delay path 
40C (as shoWn in FIG. 6) of7.2 m and a third 50R/50T beam 








